The maximum breathing capacity (M.B.C.) of an individual is defined as the greatest amount of air he can breathe in one minute. The test in which it is measured was introduced by Hermannsen (1933) as a test of the mechanical efficiency of the respiratory apparatus. Since then it has been widely accepted as fulfilling that purpose and has been quoted (Gray, Barnum, Matheson, and Spies, 1950) as the best single index of the maximum ventilatory capacity of an individual. Many workers have considered that the test is an exhausting one to perform, particularly for subjects with respiratory disfunction, and have, in consequence, attempted to replace it by one which in their view is less severe. The curve recorded by a spirometer, when an individual expires his whole vital capacity volume into it as rapidly as he is able, we have called the "expiratory fast vital capacity" (E.F.V.C.) record. It has also been termed (Kennedy, 1953 ) the " expiratory vital spirogram" (E.V.S.). Most of the attempts at finding a substitute for the M.B.C. test have been efforts to predict what should be the M.B.C. of the subject from measurements of the quantity of air breathed out in various fractions of time during an E.F.V.C. recording. Such attempts, using the whole of the vital capacity, have been made by Cournand, Richards, and Darling (1939) and also by Gilson and Hugh-Jones (1949) ; while Roche and Thivollet (1949) , Tiffeneau, Bousser, and Drutel (1949) , Kennedy (1950) , Kadlec and Vyskocil (1950) , Gaensler (1951) , Guillet (1951) , Hanaut (1953) , and Kennedy (1953) have used the part of the vital capacity expired in some arbitrarily chosen time interval. The last of these papers contains an extensive review of the previous work in this field.
CRITICISM OF EXISTING METHODS OF PREDICTING
M.B.C. Fig. 1 shows at the left an E.F.V.C. record made by a subject who then, without removing the breathing mask from his face, continued for a few breaths breathing as deeply as he was able at a respiratory rate of about 60 breaths a minute (middle record). The record at the extreme right is an " inspiratory fast vital capacity " (I.F.V.C.) record from the same individual. This was produced by the subject, having first expired as deeply as he could, inspiring his full vital capacity volume from the spirometer as rapidly as he could. The expiratory phase of the maximal ventilation curve is very like a part of the E.F.V.C. record. This resemblance, which has been noted before (Kennedy, 1953) , is the basis of most attempts at predicting M.B.C., or at substituting measurements made from the E.F.V.C. record for direct measurement of the M.B.C.
Generally, the method used has been to measure the volume of air expelled in some arbitrary fraction of time after beginning the E.F.V.C. record and to show that this correlates highly with the subject's M.B.C. There has been much disagreement as to what is the ideal time interval. Thus Tiffeneau and others (1949) , Roche and Thivollet (1949) , Gaensler (1951) , and Hirdes and van Veen (1952) have used one second, while Kennedy (1953) has used 0.75 second and has criticized those workers using the longer time interval. All these workers have assumed that the division of time between the expiratory and inspiratory phases of maximum effort respiration is relatively constant, so that the arbitrarily chosen time interval corresponds to the expiratory phase of the maximum effort respiration. Thus Kennedy (1953) states that 0.75 second corresponds to a respiratory rate of 40 breaths per minute; the implied assumption is that, expiration and inspiration being of equal duration, a complete breath occupies 1.5 seconds (or one fortieth of a minute). Reference FAST If expiration be assumed to occupy some fixed proportion of the time available for a breath, then the expiratory F.V.C. curve alone cannot justifiably be used for predicting the M.B.C., and, instead, some method of prediction should be employed in which use is made of both the inspiratory and the expiratory F.V.C. curves. Fig. 2 shows that the I.F.V.C. curve, in this subject, is at least as good a fit to the inspiratory phase of the maximal tidal ventilation curve as is the E.F.V.C. curve to the expiratory phase, and this finding constitutes yet another reason for employing both curves.
Another assumption is implied by using prediction methods in which the volume of air is measured over the first second (or some arbitrarily chosen fraction of a second) of the E.F.V.C. effort. This assumption is that, in maximal ventilation, expiration always begins from the position of full inspiration, and consequently that the first (and the fastest) part of the E.F.V.C. curve corresponds to the expiratory phase of maximum tidal ventilation. Cournand and others (1939) noted that the last part of the vital capacity is expired very slowly, and Kennedy (1953) proceeded from this to state that if this part is used the minute volume will not be maximal. A similar view was expressed by Hirdes and van Veen (1952) . This view completely ignores the existence of the inspiratory process as a part of maximal ventilation. Fig. 2 shows that the last part of the vital capacity is also inspired very slowly. Thus what is gained by expiring over the first part of the E.F.V.C. curve may well be lost by inspiring over the last part of the I.F.V.C. curve. In Figs. 1 and 2, when breathing maximally at 60 breaths a minute, the subject concerned does not use the part of his vital capacity corresponding to full inspiration, and Bernstein, D'Silva, and Mendel (1952) Fig. 2 suggests that the spirographic record of the tidal excursion in maximal ventilation could perhaps be regarded as being composed of intersecting portions of the inspiratory and expiratory F.V.C. curves. This would be expected if the F.V.C. curves represent the greatest effort of which the subject is capable at all times during the expiratory or inspiratory process. If the subject performing maximal ventilation also exerts the greatest possible effort, the inspiratory and expiratory phases of the maximal ventilation record must be portions of the respective F.V.C. curves. If, during a short spell of maximal breathing, the limit of inspiration does not alter, the respiratory process will consist of an expiration which follows the E.F.V.C. curve until a point is reached from which it is just possible to return along the I.F.V.C. curve to the original limit of inspiration in the time available for one breath. This point we shall term the " limit of expiration." The volume between the limits of expiration and inspiration will be the maximum tidal volume which can be achieved in the time available for one breath at the selected respiratory rate. This volume, using the terminology of D'Silva, Freeland, and Kazantzis (1953) , we shall call the " swept volume " for the chosen respiratory rate (Fig. 1) . If the swept volume is expressed as a fraction of the vital capacity it is termed the " swept fraction " (S.F.). The swept fraction will depend on the limit of inspiration selected. Figs. 1 and 2 show that, if the limit of inspiration is raised, use will be made of a part of the E.F.V.C. curve where the slope is higher-i.e., where the flow rate is greater-while at the same time a portion of the I.F.V.C. curve will be used where the slope is lower-i.e., the flow rate is less. Thus the effect of raising the limit of inspiration will be to change the inspiratory and expiratory flow rates in opposite senses. Unless the increase in one is always exactly counterbalanced by the corresponding decrease in the other-and this, from the appearance of the curves, is most unlikely-there will be some value for the inspiratory limit which will result in an optimal combination of inspiratory and expiratory flow rates, i.e., one at which the greatest possible swept volume will be achieved in the time available for a single breath.
When subjects perform the maximum ventilatory capacity test at selected and controlled respiratory rates (Bernstein and others, 1952) they are exhorted to breathe as deeply as they can at the prescribed rate. It is possible that they may unconsciously choose that level for the limit of inspiration which gives the largest swept volume at the particular respiratory rate. If it could be shown that the theoretical optimal limit of inspiration and the theoretical maximal swept volume deduced from an analysis of the subject's inspiratory and expiratory F.V.C. curves, at any chosen respiratory rate, agreed closely with the observed values at the same rate, this would both support the hypothesis developed in the preceding paragraphs, and also lend support to the contention of D'Silva and Mendel (1950) and Bernstein and others (1952) that the performance of the M.V.C. test at controlled respiratory rates affords the maximum minute ventilation of which the subject is capable at each respiratory rate.
Accordingly, an attempt was made to predict from a study of the inspiratory and expiratory F.V.C. curves of a series of subjects the way in which the optimal limit of inspiration and the optimal swept volume were related to the respiratory rate. METHOD Six healthy male subjects were selected. They were all medical students or members of the staff of the department of physiology. Each performed the fastest possible expiration of his vital capacity volume into a recording spirometer of the type described by Bernstein and others (1952) . Without removing the breathing mask from his face, he continued to breathe for a short period as deeply as he could at a prescribed respiratory rate, the rate being controlled by breathing in time to a metronome. When a sufficiently long record had been obtained, usually 10 to 15 breaths long, the subject was asked to expire as deeply as he could and then to inspire his whole vital capacity volume as rapidly as he could. During the whole procedure the subject remained connected to the spirometer, so that the maximal ventilation record when compared with the F.V.C. records gave an accurate indication of the limit of inspiration chosen by him. The whole procedure was performed bv each subject at respiratory rates between 20 and 100 breaths a minute. From the records, the limit of inspiration and the swept volume at each respiratory rate were then measured.
In order to obtain the corresponding predicted values a somewhat complex procedure was necessary. For each subject transparencies were made of representative E.F.V.C. and I.F.V.C. curves by tracing each on to a sheet of celluloid. Over each curve a series of horizontal scaling lines was also traced so as to indicate the levels corresponding to various percen-
precise registration of the zero and 100% levels) until the points on the two curves corresponding to 94% of full inspiration were separated by a horizontal distance representing a time interval of 1.2 seconds (equal to the duration of one breath at 50 breaths a minute). This horizontal distance was calculated from the known time calibration of the original F.V.C. records. The volume at which the two F.V.C. records intersected represented the limit of expiration. Subtracting this from the limit of inspiration gave the Fig. 1 Fig. 3 shows that for any chosen respiratory rate there is one value for the limit of inspiration at which the swept fraction is a maximum. At 10 breaths a minute this optimal inspiratory limit is 100%-i.e., full inspiration. As the respiratory rate increases the optimal limit of inspiration falls, until at 100 breaths a minute it is only 92% of full inspiration. The dashed line in Fig. 3 roughly illustrates this trend, but should not be regarded as an accurate indication of the optimal limits of inspiration at the various respiratory rates. These findings are in agreement with the hypothesis advanced in earlier paragraphs concerning the relation between the F.V.C. curves and the swept fraction in maximal ventilation. Fig. 4 shows the predicted values for the optimal limit of inspiration and the optimal swept fraction at each respiratory rate (black columns) compared with the corresponding observed values (white columns). These data are for the same subject as Fig. 3 . Except in two instances (80 and 90 breaths a minute) the agreement is good, and even at these rates the agreement is good for the swept fractions: it is in the values for the limits of inspiration that the greater discrepancies occur. Results of the same general form were obtained for each of the other subjects studied. Fig. 7 is derived from a value in Fig. 6 multiplied by a constant, the respiratory rate. But the figure also shows that the M.V.C. theoretically should rise with increasing respiratory rate up to rates of about 80 breaths a minute. The white squares, and the lines drawn through them, in Fig. 7 are corresponding mean observed M.V.C. values for the 14 subjects used by Bernstein and others (1952) . These show that our predicted and observed values-the latter obtained by a different observer on a totally different group of subjects -agree very closely with their observed values, confirming that their contention, that the M.V.C. rises with increasing respiratory rate up to rates of 70 or 80 breaths a minute, is a well-justified one. This being so, the M.V.V., which is usually determined at or about 40 breaths a minute, cannot represent the subject's M.B.C.-whatever else it may represent. As D'Silva and Mendel (1950) and Bernstein and others (1952) All the criticisms of existing methods of predicting M.B.C., which were made earlier in this paper, have been justified by the present experimental analysis of the form of the tidal ventilation curve in maximal ventilation. However, the success achieved by these methods by Kennedy (1953) , who has obtained a correlation coefficient of r= +0.927 between the measurement of slope of a portion of a subject's F.V.C. curve and that subject's own M.V.V., suggests that in practice they L. BERNSTEIN and G. KAZANTZIS are reasonably reliable. The success of these supposedly invalid methods must seem to vitiate the hypothesis on which they are deemed invalid. If it could be shown that this success were itself predictable from the hypothesis, it would then become further evidence in support of the hypothesis. Kazantzis (1953) and D'Silva and Kazantzis (1954) have shown that, while the E.F.V.C. curves of individuals are different one from another, they can, by suitable scaling of the coordinates on which they are drawn, all be reduced to a common form, in which they can be superimposed on one another with considerable accuracy. The curve which they regard as the typical E.F.V.C. curve is a hyperbola, which is smoothly concave upwards. It may be objected that this form of curve is different from those reported elsewhere in the literature (Kennedy, 1950 (Kennedy, , 1953  Kadlec and Vyskocil, 1950; Kennedy and Stock, 1952; Hirdes and van Veen, 1952) . All except the last of these authors have described curves which appear to contain a periodic component, i.e., which appear to pass through several maxima and minima. However, Bernstein (1954) has shown that these curves are probably the result of periodic recording artefacts, caused by resonance phenomena in the spirometers used by these authors. He has shown that curves similar to those described by these authors can be synthesized by adding the known recording error of a particular spirometer to a smooth curve of the kind described by D'Silva and Kazantzis (1954 (Guilford, 1950; Snedecor, 1946) .
As has been shown, the volume expired in the first t1 seconds of a set of E.F.V.C. curves will in general have the same rank order of magnitude as the volumes expired in the first t2 seconds. It follows that the rank correlation coefficient for the t1 volumes with the subjects' own M.V.C.s will have about the same numerical value as the rank correlation coefficient for the t2 volumes and the M.V.C.s. But since each of these rank correlation coefficients is nearly equal to the corresponding product moment correlation coefficient, it also follows that the two product moment coefficients will differ by only a small amount.
If this argument is valid the correlation coefficient between M.V.C., or M.V.V., and the volume breathed out in the first t seconds of an E.F.V.C. curve might be expected to have a nearly constant value, irrespective of the time interval, t, chosen, provided that the same time interval is chosen for all the subjects concerned. By determining whether this is actually so the validity of the argument which has led to this conclusion may be tested. The data of D'Silva and Kazantzis (1954) provided the material for such a test. These authors measured, in a group of 14 subjects, the correlation between M.V.C. at a stated respiratory rate and the volume of air expelled in the first t seconds of an E.F.V.C. effort, where t was one half of the duration of a single breath at the chosen rate-assuming that this period corresponded to the expiratory phase of maximal tidal ventilation. They did this at three respiratory rates, 30, 50, and 70 breaths a minute, the corresponding time interval being 1.0 seconds for 30 breaths a minute, 0.6 seconds for 50 breaths a minute, and 0.43 seconds for 70 breaths a minute. Using their data, what might be termed the " incorrect" correlation coefficients have been calculated, i.e., between the M.V.C. at 30 breaths a minute and the volumes expelled in the first 0.6 seconds and in the first 0.43 seconds, also between 2A* 335 group.bmj.com on August 28, 2017 -Published by http://thorax.bmj.com/ Downloaded from the M.V.C. at 50 breaths a minute and the volumes expelled in each of the other "incorrect" time intervals, and so also at 70 breaths a minute. Table II shows the results obtained. The first column gives the respiratory rates for which the M.V.C.s were measured. The second gives the time intervals for which the volumes of air expired were measured. The times corresponding to half the duration of a single breath at each respiratory rate are shown in heavy type. The third column shows the relevant correlation coefficients, with the " correct " coefficient at each respiratory rate shown in heavy type, so as to distinguish it from the " incorrect " ones. The differences between the "correct" and the "incorrect" coefficients are shown in column 4. These differences were tested for statistical significance by the use of Hotelling's (1940) in some chosen time interval after the start of their F.V.C. expirations, the value of the correlation coefficient will be independent of the time interval selected, provided that the same time interval is used for all individuals. The M.B.C. of an individual could be predicted from his E.F.V.C. curve alone if the duration of the expiratory phase of his maximal tidal ventilation curve, at the respiratory rate corresponding to his highest M.V.C., were precisely known, and if the corresponding limit of inspiration were also known. The duration of the expiratory phase depends on two factors: the shape of the I.F.V.C. curve, and the optimal respiratory rate. When the respiratory rate is high the intersection of the two F.V.C. curves to form the maximum tidal ventilation curve occurs high up on the E.F.V.C. curve, where its slope is high, and where small differences in the slope of the inspiratory I.F.V.C. curve will have a considerable effect on the volume at which the intersection occurs, i.e., the swept volume. It might therefore be expected in these instances that if the I.F.V.C. curve is disregarded the predicted swept volumes should be subject to considerable uncertainty. On the other hand, when the respiratory rate is low the intersection occurs low down on the E.F.V.C. curve, where the slope is low, and where a small difference in the slope of the I.F.V.C. curve will have relatively little effect on the volume at which the intersection occurs, i.e., the swept volume. In this instance, it might be expected that the swept volumes predicted from the E.F.V.C. curve alone should have a much greater reliability. If this argument is valid, the correlation between the M.V.C. at a chosen respiratory rate and the volume of air expelled in some chosen time interval after the start of an F.V.C. expiration, while being independent of the time interval chosen, should depend on the respiratory rate chosen, so that at low respiratory rates better correlations should be obtained than at high rates. Reference to Table II will show that this is exactly what is found to occur. If, for each of the three time intervals, the three correlation coefficients corresponding to the three respiratory rates are compared, it will be seen that, of the nine possible comparisons of correlation coefficients, seven indicate a fall in the correlation as the respiratory rate rises, one indicates no appreciable change, and in only one instance (the correlations for 30 and for 50 breaths a minute with the time interval 0.43 seconds) is there an increase in the correlation with increasing respiratory rate. Individually, none of the nine possible comparisons reveals a statistically significant difference-even the most highly significant only affords a value for P 0.02-but the steady trend toward smaller correlation coefficients with rising respiratory rate suggests that it is a real effect rather than a chance finding. (If, by chance, an increase of correlation were as likely as a decrease in any one comparison of coefficients, then the probability that seven out of nine comparisons would yield decreases and only one would yield an increase-as is here the case-would be 0.02>P >0.002.)
FAST VITAL CAPACITY CURVES From the preceding arguments it would then appear that it should be possible to predict with accuracy the M.V.C. at any low respiratory rate from a measurement of the volume of air expelled in some stated time after the start of an F.V.C. expiration, so that, provided the same time interval is used for all the subjects, the predicted and observed M.V.C.s will correlate highly irrespective of what time interval is chosen.
Various workers (Bernstein, and others, 1952; Kennedy, 1953) have shown that when subjects perform the M.B.C. test under the conditions prescribed by Gilson and Hugh-Jones (1949) they commonly breathe at about 40 to 50 breaths a minute. The resulting measure, which is really the M.V.V. and not the M.B.C., will lie very close in value to the subject's own M.V.C. at about 45 breaths a minute. Thus, when this measure is correlated with the volume of air expelled in some fract.on of time after the start of a F.V.C. expiration, the correlation is found to be a fairly high one, irrespective of the time interval selected. This explains why the workers using such different time intervals as 0.75 seconds, or 1.0 seconds, or "one-half the duration of a single breath at x breaths a minute," have obtained equally good correlations, and why even a (theoretically) infinite time interval, as is the case when the whole of the vital capacity is used as the volume to be correlated with the M.V.V., yields a correlation coefficient as high as r= +0.826 (Gilson and Hugh-Jones, 1949) . It must, however, be appreciated that these workers have not demonstrated a correlation between their various measures and the M.B.C., but instead with the subject's M.V.C. at a rate of about 45 breaths a minute. The conclusion must be drawn that the whole of the controversy as to what is the correct portion of the E.F.V.C. curve to use for prediction purposes is, by the very nature of the problem, sterile.
It might now be pertinent to enquire, " If these admittedly theoretically invalid techniques give such good results in practice, what purpose is served by the long analysis of their invalidity and by their subsequent rehabilitation ? " The answer, we feel, is in the following argument. To accept a prediction method as reliable, on the evidence of its success as revealed by a high correlation between predicted and observed values, but without any hypothetical basis for expecting the results to be so well correlated, is to commit the statistical sin of confusing a correlation with a causal relationship. As long as predictions are confined to subjects and situations which obviously differ but slightly from those used in testing the prediction method, there may be reasonable grounds for expecting similar relations to hold between the predicted and observed values in these subjects and situations. But as soon as the prediction technique is extended to other classes of subjects or to other conditions, e.g., a change of respiratory rate, an unjustifiable extrapolation is made. For example, it has here been shown that the prediction of M.V.C. from the E.F.V.C. curve alone is quite reliable at low respiratory rates, but its reliability decreases when it is applied to high respiratory rates. By investigating the theoretical basis of the prediction method a better understanding of the relation between the F.V.C. curves and the M.V.C. has been secured, a technique for predicting M.V.C. which is reliable over a wide range of respiratory rates has been discovered, and the dangers of using any such technique in conditions for which its use has not been validated have been made more apparent. In addition certain facts, which hitherto were merely isolated findings and which were rather in dispute, have been explained-such as the change in limit of inspiration with change of respiratory rate, or the rise in M.V.C. with increase of respiratory rate up to about 70 breaths a minute -and because a theoretical basis for these findings has been provided they have been confirmed to an extent which otherwise would have required very many further observations.
It is pertinent to comment further on the assumption implied in a prediction method employing only the E.F.V.C. curve. As has already been suggested, if the I.F.V.C. curve could be disregarded without affecting the reliability of the prediction this could only be because there was an invariable relationship between the shape of the two F.V.C. curves. Now it is not known whether or not this is so. It would be wrong either to accept or deny it without experimental or observational test. If it is so accepted, the opportunity of gathering valuable information may be lost: it is quite possible that the way in which the curves vary in relation to each other may be of equally great, or even greater, significance for diagnostic purposes than the variation-in either curve alone-it is not possible to say. But if the importance of the relations between the two curves is once realized the necessary information may be sought.
It may also be questioned whether or not it is wise to regard the study of the F.V. Secondly, it might be considered whether either the M.V.V. or the M.V.C. test offers as much information as could be obtained by a study of the E.F.V.C. and I.F.V.C. curves. Now, in demonstrating the relations between these curves and the M.V.C. it has been shown that the M.V.C., at any chosen respiratory rate, can be predicted from the two F.V.C. curves. If the prediction were perfect, i.e., if the correlation coefficient between predicted and observed values was r = + 1, the information provided by the F.V.C. curves would be equivalent to that provided by the M.V.C. In fact, the information about maximum ventilation given by the F.V.C. curves is less than that given by a direct M.V.C. test, because the correlation is not perfect. But it should be remembered that the overall measure of maximum ventilation is providing information about two processes, inspiration and expiration. It has here been demonstrated that both processes are concerned in the limitation of tidal volume at a given respiratory rate. If only the maximum tidal volume at any respiratory rate (i.e., the swept volume) is measured the opportunity is lost to enquire whether only one of the two processes, inspiration or expiration, is abnormal in character or whether both are abnormal. That is to say, information about the individual processes is lost. It is easy to see that a slowing of either the E.F.V.C. curve or the I.F.V.C. curve, or of both curves, could lead to identical reductions in the swept volume at some particular respiratory rate. This leads once more to a point made in an earlier paragraph: that the study of the interrelationships of the F.V.C. curves might therefore be much more rewarding than the present use of the E.F.V.C. curve merely as a substitute for the M.B.C. test.
SUMMARY
Existing methods of predicting maximum breathing capacity (M.B.C.) from the expiratory fast vital capacity (E.F.V.C.) curve alone have been criticized.
A hypothesis has been presented: that the tidal ventilation curve in maximum effort breathing is composed of optimally related portions of the E.F.V.C. and inspiratory fast vital capacity (I.F.V.C.) curves. This hypothesis has been confirmed experimentally.
A method has been developed for predicting maximum ventilatory capacity (M.V.C.) at any chosen respiratory rate, from measurements made on both E.F.V.C. and I.F.V.C. curves. It has been
